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Abstract 
The work presented in this thesis is the designing, construction, and analysis of a 
portable line-scanning detection instrument for photonic crystal enhanced fluorescence. In 
order to increase the fluorescence signal for low-concentration detection, we introduced the 
photonic crystal enhanced fluorescence detection modality and demonstrated that it is a very 
effective approach to improve the fluorescence signal and hence the signal-to-noise ratio. Past 
work on the enhanced fluorescence detection instruments is examined in this thesis. We also 
proposed and developed a computational model for designing the portable line-scanning 
detection instrument for photonic crystal enhanced fluorescence (PCEF) based on the bench-
top line-scanning detection instrument. From the computational model, we concluded that of 
the several parameters in the instrument, the quantum efficiency and dark current of the 
camera are very critical for the detection sensitivity. The numerical aperture of the objective is 
also important in terms of signal collection efficiency.   
Based on the computational model, we developed an improved configuration of a 
portable instrument. The new configuration incorporated changes in components and 
simplification in design, achieved decrease in cost, and maintained competitive detection 
sensitivity. Experiments have been run on the new instrument to characterize its performance. 
The signal-to-noise ratio and detection limit of the portable line-scanning PCEF detection 
instrument are compared with those of the bench-top line-scanning instrument. Results show 
that the portable version is able to achieve as low a detection limit as the bench-top line-
scanning detection instrument without the electron multiplying effect, while achieved at a 
decrease in cost and physical size.  
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1. Introduction and Background 
Fluorescence detection has been recognized as a very powerful detection method in 
biological and medical research as well as in point-of-care diagnosis because of its excellent 
sensitivity and the wide availability of fluorescent dyes. Meanwhile, fluorescence detection has 
posed several issues that need consideration, one of which is that the fluorescence signal 
intensity is very low. We introduced the photonic crystal enhanced fluorescence detection 
modality and demonstrated that it is a very effective approach to improve the fluorescence 
signal and hence the signal-to-noise ratio. In this chapter, we will discuss the motivation for the 
experiments to detect biomarkers, and the significance of developing photonic crystal 
enhanced fluorescence (PCEF) with its two mechanisms. We also developed the portable line-
scanning detection instrument based on the bench-top line-scanning detection instrument 
configuration. The motivations of introducing a portable system are discussed in the last section 
of this chapter.   
1.1 Significance of detecting the biomarkers 
In recent years, cancer diagnosis and treatment has become a topic that has aroused 
unprecedented attention and discussion. Of the various types of cancer, many of them have 
exhibited the characteristics that treatment at earlier stages results in much better treatment 
outcomes. And for some cancers, the process of latter stages could evolve at a high speed. All 
these findings and observations point to the same potential solution, which is the early 
detection of cancer that enables the early treatment [1, 2].  
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Therefore, a great amount of effort has been put into the research related to early 
detection of cancer. Studies have demonstrated that at early stages, the existence of cancer 
tissues can be determined by measuring biomarkers in the blood [1, 2]. The advantage of 
detecting biomarkers is that the existence of cancer can be verified early rather than merely 
suggested as a possibility.  
Apart from the early detection of cancer, biomarkers can also be used in allergen 
examinations. Detecting allergens using biomarkers ensures that the test can be performed as a 
routine and that the test results can be obtained rapidly. All these applications and their 
importance in medical treatment made biomarker detection a very important research topic.  
1.2 Significance of PCEF 
 Fluorescence is an electromagnetic and quantum mechanical phenomenon. When a 
fluorescent molecule is excited by a laser source, the electrons receive energy and jump to the 
excitation state with higher energy. The electrons then decay back to the ground state, 
releasing a photon, and the photon emission creates fluorescence emission.  
For the assays of fluorophore-tagged analytes, it is favorable to be able to produce a 
high signal-to-noise ratio (SNR) during measurement, since the concentrations of the analytes 
are normally very low, and the goal  for this project is to be able to detect concentration levels 
at the scale of picograms per milliliter. In order to produce high SNR, research should either 
focus on increasing the signal intensity or suppressing background noise. For this project in 
particular, we delve into the issue of enhancing the signal intensity.  
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There is a lot of literature describing metal-enhanced fluorescence (MEF), which is a 
common method of fluorescence enhancement. Metal nanostructures can efficiently couple an 
external laser light source to substrate-immobilized fluorophores through surface plasmons 
that generate localized regions with enhanced electric field intensity [3, 4, 5]. At close proximity 
to the surface of a metal nanostructure surface, the radiative decay rate of fluorophores is 
changed so that the spontaneous decay time is reduced. This would then result in the increase 
in the probability of photon emission [6]. Although it produces a higher quantum yield, MEF has 
a major drawback, which is the quenching effect. Quenching refers to the process which 
decreases the fluorescence intensity of a given substance, and specifically refers to the non-
radiative energy transfer in the case of MEF. The quenching effect mostly takes place in close 
proximity to the metal surface, which coincides with the location where maximum electric field 
enhancement is expected. Therefore, the effect of MEF is hampered and could not achieve the 
same enhancement factor as other materials could [3, 4, 5]. 
Given that MEF shows increase in quantum yield but has disadvantages such as the 
quenching effect, past research has demonstrated that a nanostructured photonic crystal 
surface is capable of fluorescence enhancement. Photonic crystals (PC) are periodic optical 
nanostructures and are composed of dielectric materials. The PC used in this project specifically 
consists of a periodically modulated low refractive index dielectric surface structure coated 
with a high refractive index dielectric thin film [6]. Compared to MEF, photonic crystal 
enhanced fluorescence (PCEF) is able to provide a consistent enhancement of a fluorescent 
signal so that it does not have the quenching effect. Dielectric materials also cost less to 
fabricate than metal, which is preferred for device fabrication.  
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For PCEF, we utilize the PC’s resonance, which requires a specific incident light 
wavelength and excitation angle, to enhance the fluorescence signal. In the next section, the 
two main mechanisms of PCEF will be described.  
1.3 Mechanisms of PCEF 
Photonic crystal enhanced fluorescence (PCEF) is comprised of two phenomena, which 
are enhanced excitation and enhanced extraction. While the two mechanisms take place on a 
PC substrate at the same time and both contribute to enhancing the fluorescence signal, they 
will be explained separately below.  
1.3.1 Enhanced excitation 
Enhanced excitation is the increase in the evanescent electric field intensity [6]. When a 
broad-band light shines on the PC surface, the incoming light is partially transmitted, partially 
reflected, and partially diffracted. At a specific angle and wavelength known as the resonant 
angle and wavelength, high-order diffracted light will destructively interfere with the 0th order 
transmitted light and constructively interfere with the 0th order reflected light [7]. The optical 
resonances have high electromagnetic density on the surface of PC, and the emission of the 
fluorophores is enhanced. We use transverse magnetic (TM) resonance because it gives higher 
electromagnetic field density than the transverse electric (TE) mode. The use of the TM mode 
requires tuning the excitation light source polarization to match with the TM mode of the PC.  
1.3.2 Enhanced extraction 
For enhanced extraction, when fluorescence emission takes place in close proximity to 
the PC, the fluorescence can be coupled to the resonant mode and its emission can be 
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redirected. And the change in emission direction would essentially increase the collecting 
efficiency. That is to say, the goal of the enhanced extraction effect is to direct the fluorescence 
emission to the normal direction, since the detection optics are usually directly above or below 
the fluorophore sample [6].  
Enhanced excitation and enhanced extraction are two separate mechanisms, but they 
take place at the same time. Figure 1 shows the effect of enhanced excitation and enhanced 
extraction independently, as well as their effect multiplied. The experimental data was 
obtained by comparing the performance of PCEF microscopy, which will be described later, 
with a commercially available confocal laser scanner, which has no fluorescence enhancement 
effect. The first group of bars shows the signal intensity detected for PC on-resonance versus PC 
off-resonance, which shows the enhanced excitation effect. The second group compares the 
intensities detected for PC-off resonance versus unpatterned glass, which shows the enhanced 
extraction effect. The third group compares PC on-resonance versus unpatterned glass, where 
the difference in intensities results from multiplying the two enhancement effects.  
1.4 Motivation and advantage of portable systems 
The traditional laboratory testing process normally tends to be long in terms of time as 
it often requires physically transporting the samples from the location where the sample is 
collected to the laboratory where the instrument is. The transportation also increases 
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Figure 1. Signal enhancement factor of enhanced excitation, enhanced extraction, and the two 
effects multiplied [7] 
the cost of the test, because some samples can be difficult to ship. Also, as the locations for 
sample collection and sample scanning are different, the operating staff is different, which 
means that more requirements for communication quality are involved. In addition, all this 
overhead means that the sample examination result cannot be obtained right away but still has 
a relatively high cost [8, 9, 10]. In comparison, the advantages of a portable system are obvious. 
Enabling the portability of the instrument solves problems of high cost and long waiting time. A 
portable instrument also increases the application; some tests which used to be limited by time 
or cost can now be performed on the same instrument.  
Overall, the portable instrument requires the improvement and further application of 
the detection instrument. As a portable instrument, it is expected to cost less for fabrication 
than the laboratory-based detection instrument, and this would be another advantage and 
incentive for the project.  
  
7 
 
2. Past Work on the Instrument 
 To take one step back from the portable system proposed at the end of the previous 
chapter, this chapter will describe each of the instruments that preceded the portable photonic 
crystal enhanced fluorescence (PCEF) line-scanning detection instrument. This chapter will go 
from the commercially available confocal laser scanner, to the photonic crystal enhanced 
microscopy (PCEM), and to the bench-top PCEF line-scanning detection instrument.  
2.1 Tecan 
The first detection system studied in this project is a commercially available confocal 
laser scanner (LS Reloaded, Tecan Inc., known as Tecan below). The excitation source of Tecan 
is a focused laser beam with wavelength of 632.8 nm, which is selected for cyanine-5 (Cy5). The 
laser source is focused by a lens with a high numerical aperture, which results in the 
illumination angle range from 0 to 30 [7]. Study of PC characteristics has demonstrated angle 
sensitivity; that is, the PC enhancement effect is very sensitive to the illumination angle in the 
-direction as shown in Figure 2. In this situation, Tecan does not have freedom or control over 
the laser illumination angle, so that only a small fraction of the incident laser can be coupled 
into the resonant mode of the PC. Therefore, the Tecan system is not able to fully utilize the 
advantages of introducing the PC to the experiments.  
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Figure 2. (a) The PC structure. (b) Plots of transmission efficiency showing that coupling 
efficiency depends heavily on the -angle while having little variation with different -angles [7] 
In order to optimize the detection system for enhancement fluorescence experiments, 
we have the motivation to overcome the limitations in the laser illumination angle, imaging 
spatial resolution, and collecting optics which the Tecan system has.  
2.2 Photonic crystal enhanced microscopy (PCEM) 
From the confocal laser scanner, a widefield imaging system known as the PC enhanced 
microscope (PCEM) was developed. The instrument uses a 35 mW HeNe laser source, that the 
wavelength matches the excitation wavelength of the fluorescent dye cyanine-5 (Cy5). The 
instrument is optimized for both enhanced fluorescence (EF) and label-free (LF) imaging, with 
its schematic shown in Figure 3.  
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Figure 3. Schematic of the PCEM [11] 
The instrument consists of a laser source, a half-wave plate for polarization tuning, a 
neutral density filter, a rotating diffuser, a 10x beam expander, an aperture, an angle-tunable 
mirror, an objective, a filter for passing fluorescence only, and an electron multiplying charge 
couple device (EMCCD). Advantages of the LF/EF imaging instrument include that the two 
imaging modes share a common beam path. Also, the detection unit employed is an EMCCD 
camera instead of the scanning imaging method, so that the setup is simplified while able to 
produce output with large area and high resolution. And another feature which is very 
important is that the tunable mirror and beam-expanded laser enable the higher quality of light 
coupling to the resonance of the PC, so that the optimal condition of fluorescence 
enhancement can be satisfied. In the EF imaging mode though, the neutral density filter and 
rotating diffuser are not used. The tuning of the resonant illumination angle is associated with 
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the controlling software, which also controls the linear translation stage beneath the PC [11]. 
For enhanced fluorescence scans, the scanning range of incident angle is from 10 to 13. The 
PCEM setup also allows bright-field imaging, where the bright-field image can be overlaid with 
fluorescence image for further analysis.  
Using the PCEM detection instrument, experiments have reported a fluorescence 
enhancement factor of ~200x as shown in Table 1.   
Table 1. Measured photonic crystal fluorescence enhancement [11] 
 
2.3 Bench-top PCEF line-scanning detection instrument 
The PCEM instrument discussed in the previous section has demonstrated that it is able 
to utilize the PC enhancement characteristics and couple light to PC resonance well. It is also 
able to achieve rapid and ultrasensitive detection of biomarkers. Meanwhile, it was observed 
that there was room for improvement based on the PCEM configuration. In the PCEM setup, 
the collimated laser illumination provides a relatively large field of view, but the power density 
is lower than that of a focused laser beam. This limitation is confirmed by data in Figure 4 that 
the SNR for collimated light is a lot larger than that for focused light.  
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Figure 4. Signal-to-noise ratio for on-/off-resonance PC and unpatterned glass [7] 
In order to address this issue, the PCEF line-scanner was proposed with its schematic 
shown in Figure 5.  In the PCEF line-scanning detection instrument, the incident laser is focused 
to a line onto the back focal plane (BFP) of the objective so that it provides higher power 
density.  
On-resonance Off-resonance 
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Figure 5. Schematic of the bench-top PCEF line-scanning detection instrument [7] 
  
Tuning 
Mirror 
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3. Design and Construction of the Portable Setup 
 Based on previous work and the motivation of building a portable system, this chapter 
will describe the process of building the portable system, how the modifications are brought up 
and carried out, and how the software is controlling the instrument.  
3.1 Considerations for the portable system 
In order to enable portability based on the bench-top instrument, various issues need to 
be considered. First of all, the size of the whole instrument needs to be decreased so that the 
instrument does not take up so much surface space for a portable setup. Based on the first 
consideration, several components need to be changed, as those on the bench-top setup are 
poorly adaptable to a smaller design. After components are selected, the size of the optical 
breadboard is determined accordingly. This process requires some kind of “going-back-and-
forth” so that the components’ sizes and the breadboard sizes are determined in a mutual way.  
Secondly, the positions of some components need to be changed so that we can make a 
better utilization of the on-board space. In the case of the bench-top setup, components are 
laid out in a very neat way, but the layout may need partial change so that every component 
can fit to the board while maintaining an organized positioning. A further consideration derived 
from the second is that some components such as the angle-tuning stage and back-focal-plane 
focusing unit require alignment and precise positioning that may cause problems with fitting all 
the components; so planning in advance is necessary.  
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3.2 Component selection 
This section describes the selection of some major components in the instrument, 
especially the components which have been changed from the bench-top prototype. The 
components are described in an order which follows the optical path from the entrance of the 
source laser to the emission of fluorescence.  
Excitation filter 
The purpose of the excitation filter is to make sure the laser has only one mode before it 
enters the detection part of the instrument. Despite the fact that the incoming laser is designed 
and selected to be single-mode, due to the actual fabrication of the laser diode and fiber, it 
would be safe to utilize an excitation filter which centers at the excitation wavelength and has a 
narrow band to filter out other modes. Experiments also showed that the excitation filter is 
able to improve the resonance angle detection.  
Dichroic mirror 
The purpose of the dichroic mirror is two-fold. First, it reflects the incoming laser 
upwards so that the laser shines on the sample to excite the fluorophores. The light that goes 
downwards includes laser reflection and emitted fluorescence, and the dichroic mirror selects 
according to wavelength to pass the fluorescence and reflect the laser beam.  Then the emitted 
fluorescence proceeds to the detection unit, while the reflected laser beam is directed out of 
the detection range. 
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Objective 
The objective is an important component in the instrument, not only because the 
objective itself is a complicated system, but also because the objective parameters are related 
to various aspects of the project.  
The focal length of the objective determines the back focal length, which is equivalent 
to the sum of the distances between the cylindrical lens and the dichroic mirror, and the 
dichroic mirror and the back focal plane of the objective. The magnification of the objective is 
one of the factors that determine the image magnification, which determines the image 
resolution together with the detector pixel size. The numerical aperture of the objective 
determines the volume of the “optical cone” which collected emitted photons, which affects 
the collecting efficiency. The working distance of the objective determines the vertical distance 
required from the front end of the objective to the sample surface, which directly affects the 
tunable sample focus range. Also, different objectives produce different aberration correction, 
but this parameter has proved not to have direct effects in this project.  
Tube lens 
A tube lens is required to accompany the infinity-corrected objective. The image 
magnification is defined as in Equation 3.1. 
                                         magnification =
𝑓𝑡𝑢𝑏𝑒 𝑙𝑒𝑛𝑠
𝑓𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
                                                               (3.1) 
Therefore according to the magnification equation, the tube lens focal length is another 
parameter which affects the image resolution on the detector’s end.  
16 
 
Sample stage 
The sample stage of the portable setup is a big change from the previous configuration. 
The sample stage triplet consists of a Z-focus stage, an X-scanning stage, and a sample holder. 
As the names suggest, the Z-focus stage is manually tuned to focus the sample. The X-scanning 
stage is a motorized stage controlled by software to scan through the region of interest on the 
sample. For motorized stages, when instructed to step to an absolute position, it is preferred to 
have the stage travel to that position from the same direction, which would decrease or 
eliminate the mechanical errors caused by backlash. The ability to move in the y-direction was 
removed in the portable setup because the microfluidic sample layout does not require 
navigation in the y-direction. Also, this would simplify the usage of the instrument.  
Emission filter 
As previously discussed, the dichroic mirror is the first lens that partially functions to 
filter out the reflected laser beam and only keep the emitted fluorescence. Before the collected 
photons hit the detector, the emission filter ensures that only fluorescence is used to form the 
image by filtering out other wavelengths.  
Camera 
The camera is perhaps one of the most important components because it directly 
affects the detection sensitivity. The bench-top system includes an EMCCD camera, where EM 
refers to electron-multiplying. Different from charge-coupled device (CCD) cameras without the 
electron-multiplying feature, an EMCCD has a solid state electron multiplying register at the 
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end of the normal serial register. With the extra register, signals can be multiplied while not 
changing the readout noise. The EM register is designed to have several hundred stages so that 
the EM gain ranges from one to hundreds of times. Due to the extra feature, EMCCD cameras 
are normally very expensive. For the portable system, we searched for a camera that is cheaper 
but maintains decent sensitivity. We selected one without electron multiplying because the 
feature does not appear to be essential for the assay requirements.  
Also, cameras have the option of being equipped with the back-illuminated sensor (BI) 
or the traditional front-illuminated design. The difference is as follows. An imaging sensor is 
composed of a lens, some wires, light-receiving surface, and the substrate below the surface. In 
the traditional front-illuminated design, the light-receiving surface and substrate are covered by 
wires, so that the light has to travel through the wires to the substrate. During this process, 
some of the light is blocked by the middle layer structure which contains the wires. In the back-
illuminated design, however, the photosensitive region is moved to the top of the chip, so that 
the amount of light received is maximized. Therefore, the back-illuminated design is preferred 
for improving the SNR, though it is also more expensive due to the more complicated chip 
fabrication.  
Other considerations for the selection of the camera include the dark current noise, 
read noise, pixel size, cooling, dynamic range, and quantum efficiency. Dark current noise refers 
to the electrons that are created by the thermal energy within the CCD, and it is independent of 
the light detected. Read noise comes from the uncertainty of quantifying the electronic signal 
on the CCD, which may largely be from the on-chip preamplifier. As for cooling, since dark 
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current is caused by thermal energy, it is often very necessary to have the cooling features for 
the camera in order to suppress the noise. Next, the dynamic range of the camera needs to be 
big enough to accommodate the detection intensity range needed. Last but not least, quantum 
efficiency of a camera refers to how effectively the camera produces electronic charge from 
incident photons. High-quality cameras such as EMCCD cameras normally have relatively higher 
quantum efficiency for most wavelengths.  
3.3 Portable system assembling 
 After the components are selected, the system is assembled on a 60 cm*45 cm optical 
breadboard (Thorlabs). As shown in the picture of the portable system in Figure 6, the laser 
source is connected through a polarization-maintaining fiber to a collimator, a half-wave plate, 
and a cylindrical lens. The half-wave plate is used to tune the polarization of the beam, and the 
cylindrical lens (f = 100 mm) focuses the beam onto the back focal plane of the objective. The 
collimator, half-wave plate, and cylindrical lens are supported on top of a two-dimensional 
linear stage. The stage (Newport) is manually adjustable in one plane to tune the focus of the 
beam onto the back focal plane of the objective. And a motorized stage (Zaber LSM025) is used 
to automatically adjust in the other direction to do angle tuning.  
 The focused laser beam is then reflected upwards by the dichroic mirror into the 
objective (Olympus 10x), and reaches the PC sample. The PC sample is placed facing down on a 
sample holder mounted on top of a motorized x-direction scanning stage and a manual z-
direction focusing stage. The emitted fluorescence is collected by the same objective, passes 
the dichroic mirror, and is reflected by the mirror towards the detection unit. The collected 
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light goes through an emission filter to let only fluorescence pass. The fluorescence is then 
focused by a tube lens and forms the image on a CCD camera (Andor Clara).  
 
Figure 6. Picture of the portable PCEF line-scanning detection instrument 
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Figure 7. Schematic of the portable PCEF line-scanning detection instrument 
 
 
 
 
 
 
Sample 
Stage 
Objective 
Dichroic Mirror 
Mirror 
Emission 
Filter 
Tube Lens 
CCD Camera 
Excitation Filter 
Cylindrical Lens 
Half-wave Plate 
Laser Diode with 
Collimator 
21 
 
3.4 Software control for the portable system 
The software controls the instrument and performs image reconstruction. The hardware 
components involved include sample-scanning stage, angle-tuning stage, and the camera.  
The software controlling the various hardware components and performing the image 
post-processing and reconstruction is implemented in C#. The software is fully automated and 
integrated. The scanning process and image reconstruction process are combined in a single 
user interface as shown in Figure 8 for easier operation. The software operation flow contains 
the following steps: (1) Set the integration time of the camera, which is defaulted to be 40 ms 
and can be increased as needed, (2) Open the LiveCamera function to check sample focus and 
beam position, (3) Use the angle scan function to find and tune to the resonant angle, (4) Select 
the region of interest to scan, (5) Reconstruct the image and save it. The scanning step size is 
defaulted to be 1 m, and the step size corresponds to the computation of image resolution 
using pixel size and magnification factor.  
The auxiliary angle spectrum function and the image reconstruction algorithm are 
inherited from those of the bench-top detection instrument. For the angle spectrum function, 
10 rows of pixels in the middle band of the image are used to produce the maximum intensity 
for each scan during the angle scan. The maximum intensities of the stack of angle images are 
used to generate the angle spectrum of the PC. The maximum on the spectrum tells where the 
resonant angle is. For the image reconstruction algorithm, on each raw image taken, the 
highest intensity pixel column and its immediate left and immediate right neighbor columns are 
used to construct the final image.  
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Figure 8. User interface of the portable line-scanner control program 
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4. Theoretical Analysis 
Along with the process of selecting components, an important consideration and 
theoretical basis is that we need to analyze the system in order to know the requirements for 
each component. When components are changed due to their physical size or cost, the analysis 
clearly shows the compensation or improvement in performance. The analysis also supports 
better understanding of the whole system integrated, how the components interact with each 
other, and how some component parameters limit the choices of other components.  
4.1 Computational model 
For the purpose of better understanding and designing the instrument, a computational 
model has been built. The sample parameters used in the model are for Interleukin 6 (IL-6) with 
concentration of 1 pg/mL and sample volume of 10 L.  
First, the number of molecules present in the sample is calculated to be 
                 
∗𝑉
(𝑀.𝑊.)
∗ (Avogadro′s number) =  
10∗10−12
23718
∗ 6.022 ∗ 1023 = 2.54 ∗ 105                 (4.1) 
Assuming a spot diameter of 200 m gives a fluorophore density of 
                         Fluorophore density =
# 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑎𝑟𝑒𝑎
=
2.54∗105
2𝜋∗1002𝜇𝑚2
= 4/𝜇𝑚2                            (4.2) 
With the number of fluorophores present in a unit area calculated, we are interested in 
learning if the energy supplied by laser is limiting the number of photons that can be detected, 
or if it is the number of fluorophores or intrinsic fluorophore characteristic that is the limiting 
factor.  
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The laser used in this project has wavelength of 637 nm and the power is set at 70 mW 
for the purpose of this computational model. Then each photon of the laser has energy of 
                                                 𝐸 =
ℎ𝑐
𝜆
=
1.986∗10−25𝐽.𝑚
637 𝑛𝑚
= 3.12 ∗ 10−19𝐽                                            (4.3) 
Assuming an integration of time of 40 ms, then the detection unit would keep collecting signal 
for 40 ms, during which the number of photons supplied by the laser is 
                                           # of photons =
70∗10−3∗40∗10−3
3.12∗10−19
= 9 ∗ 1015                                             (4.4) 
Then we normalize the result above to the number of photons supplied to each pixel. The 
number of pixels in the laser illumination line is given by 
                        # of pixels corresponding to the laser line =
6 𝜇𝑚 ∗2 𝑚𝑚
1.35 𝜇𝑚2
= 8888                       (4.5) 
And the number of photons that each pixel receive is 
                          # of photons supplied by laser per pixel =
9∗1015
8888
= 1.01 ∗ 1012                      (4.6) 
Then we switch to the receiver side of the fluorophores. Recall from a few steps back that the 
fluorophore density is 
4
𝜇𝑚2
, so that the number of fluorophores contained in each pixel is 
                                          # of fluorophores per pixel = 4 ∗ 1.35 = 5.4                                        (4.7) 
Then we can use the relationship between integration time and fluorophore lifetime to 
calculate the number of photons that the fluorophores will emit. The fluorophore lifetime is 
defined as duration of the excited state of a fluorophore before returning to its ground state. It 
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represents the time for excited fluorophores to decay to 1/e of the original amount. Then the 
number of photons emitted per integration time per pixel is 
                           
integration time
lifetime
∗ (# of fluorophores) =
40∗10−3
1∗10−9
∗ 5.4 = 2.16 ∗ 108                   (4.8) 
Comparing the results of the above two sub-computations, which are the number of 
photons supplied by the laser and the number of photons that can be emitted by the 
fluorophores, it shows that in the sample computation the number of fluorophores on the 
sample is limiting the signal that can be detected. So for the following computation of the 
photons that reach the detector to contribute to the scanned image, the number of photons 
emitted by the fluorophores is used.  
The energy of photons that hit the detector is the product of several values, which 
include the incident power (𝐼𝑖𝑛𝑐), quantum yield (QY), and absorption cross section (𝜎𝐶𝑦5) of 
fluorescent dye, number of fluorophores (N), solid angle (𝛥𝛺), and the enhancement factors 
(𝐸𝐹𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 and 𝐸𝐹𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛). The quantum yield of the fluorescent dye is defined as the ratio 
of the number of photons emitted to the number of photons absorbed. The absorption cross 
section is another parameter indicating the probability that absorption takes place for the 
fluorescent dye molecules. The solid angle characterizes the optical “cone” in which the 
photons will be collected by the objective into the detection unit. So the formula for the 
detected photon energy calculation is given in Equation (4.9) with a few intermediate steps 
listed.  
        𝐸 = 𝐼𝑖𝑛𝑐 ∗ 𝑄𝑌 ∗ 𝜎𝐶𝑦5 ∗ 𝐸𝐹𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝑁 ∗ 𝛥𝛺 ∗ 𝐸𝐹𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ time ∗ area per pixel         (4.9) 
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              # of photons detected = 𝑁 ∗ 𝑄𝑌 ∗ 𝜎𝐶𝑦5 ∗ 𝐸𝐹𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝛥𝛺 ∗ 𝐸𝐹𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛               (4.10) 
QY = 0.28 for Cy5 
                                𝜎𝐶𝑦5 =
𝜀∗1000
0.4343∗𝑁𝐴
=
250000∗1000
0.4343∗6.022∗1023
= 9.56 ∗ 10−16𝑐𝑚2                               (4.11) 
where 𝜀 is the molar extinction coefficient. 
             𝛥𝛺 = 2𝜋 ∗ (1 − cos(arcsin(𝑁𝐴))) = 2𝜋 ∗ (1 − cos(arcsin(0.25))) = 0.2               (4.12) 
where NA is the numerical aperture of the objective. 
Quantum efficiency (QE) is a parameter of the CCD camera, which shows the ratio that the 
incoming photons are transferred to electrons. For the emission wavelength of Cy5, 
QE = 0.55 
Then the result is in terms of the number of counts as the output of the camera, which is also 
the signal intensity. The signal intensity is compared with the background level of the camera to 
determine if the signal can stand out against the background noise to be detectable.  
 The calculation is implemented in Matlab as a model of the system. The inputs are 
parameters of fluorescent dye, sample, laser source, objective, and camera; and the output is 
the number of counts output from the camera. The picture of the Matlab program is shown in 
Figure 9.  
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Figure 9. Screenshot of the computational model 
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4.2 Relationships between various input parameters  
 With the computational model built in Matlab, we can utilize the model to change some 
of the variables and observe how the output changes accordingly.  
 By varying the sample concentration, laser power, camera integration time, and 
objective numerical aperture, the change in output counts is plotted in Figures 10-13. As 
observed from Figures 10-12, the output counts exhibit a linear relationship with sample 
concentration, laser power, and camera integration time. In the case of the sample 
concentration though, there exists a “threshold” concentration where the number of photons 
supplied by the laser becomes the limiting factor rather than the number of photons that the 
sample fluorescent dye molecules can emit. When the concentration is high enough that the 
laser source limits the output, the concentration-output curve becomes flat. This is a rare case 
in reality though, as the concentration to be detected is normally very low. The change in 
output counts with regard to the objective numerical aperture is not linear, as shown in Figure 
13, which corresponds to the formula calculating the solid angle from the numerical aperture.  
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Figure 10. Relationship between sample concentration and output counts 
 
Figure 11. Relationship between laser power and output counts 
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Figure 12. Relationship between integration time and output counts 
 
Figure 13. Relationship between objective numerical aperture and output counts 
 With the relationship between various inputs and the output studied using the 
computational model, we are able to get a better view of what is changed in output based on 
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input’s effect on the final output, which helps distinguish the inputs that have the bigger effect 
on the output from those that have relatively more minor effects.  
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5. Characterization of Performance 
The design goal for the portable PCEF line-scanner is to enable portability based on the 
bench-top line-scanner and reduce the fabrication cost while maintaining an acceptable 
sensitivity level and detection limit as required by the assays. In order to achieve these goals, 
various experiments have been run on the portable PCEF line-scanner to characterize the 
system and its performance. This chapter describes the laser beam profile, angle spectrum, and 
detection limit of the portable system using experiment results.  
5.1 Laser line profile 
The first important part to characterize would be the laser beam profile, which conveys 
information regarding the collimation and focusing of the incident beam. To measure the 
dimensions of the beam and the beam intensity profile, we used a 1 x 3 inch silicon chip and 
coated it uniformly with SU8 polymer doped with LD700 dye using spin coating. The sample is 
then placed in the portable line-scanner and the focus is adjusted to fit the sample height. 
Figure 14 is the fluorescence image captured showing the line. Due to a magnification of 5.5x, 
each pixel in the image represents an actual size of 1.17 m x 1.17 m.  
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Figure 14. Image of focused beam 
The line profiles in both x- and z- directions are plotted using ImageJ and are shown in 
Figure 14. The plots show that the intensity profiles in both directions are Gaussian profiles, and 
the line is focused in the x-direction and collimated in the z-direction. Figure 15(a) shows that 
the full-width-at-half-maximum (FWHM) of the beam in the x-direction is 6 pixels, which 
correspond to 6.9 m. This indicates that the beam is focused well. The line profile of the beam 
in the z-direction is plotted in Figure 15(b) to study the variation in intensity along the beam. 
The variation is a guideline which sets forth requirements on the sample protein spot layout 
and determines how big the spots can be and what layout of spots is acceptable. According to 
the description of the characterization of the bench-top PCEF line-scanner, the acceptable spot 
coefficient of variation (CV) for a microarray experiment is within 20% [7]. Therefore, to ensure 
that the influence on spot CV is within 15%, the spots are limited to the middle 400 m-wide 
Z 
X 
175m 
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band of the image. One other important consideration regarding spot layout, which was also 
proposed during the characterization of the bench-top line-scanning instrument, is that the 
spots shall be positioned on the sample surface linearly in the x-direction. This way, the spots 
would hit the same segment of the beam. Considering the variation in beam intensity in the z-
direction, the fluorescence intensities collected from different spots are only comparable when 
they received the same illumination intensity. Different from the bench-top line-scanner, which 
has the freedom to translate the sample in both x- and y-directions, the portable line-scanner 
can only translate in the x-direction. So now we have more requirements on the sample layout; 
that is, the spots on the sample need to be positioned precisely in the middle of the sample, in 
order to be covered within the range of the beam and reside in the middle band where the 
intensity variation of the laser beam is acceptable.  
5.2 Angle spectrum 
One other important factor during PCEF imaging is that the light needs to be coupled 
effectively into the PC. The sensitivity and noise suppressing ability of the detection unit is 
important, but the successful utilization of the PC structure is another key technique in 
detecting biomarkers with very low concentrations. The transmission peak of a PC can be 
measured on the transmission setup as shown in Figure 16, and we need to make sure that the 
same peak can be measured and utilized on the portable line-scanner.  
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Figure 15. (a) Intensity profile of the beam in the x-direction. (b) Intensity profile of the beam in 
the z-direction 
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Figure 16. Schematic of the transmission setup 
On the PCEF line-scanner, by moving the laser source relative to the dichroic mirror, the 
position of the beam on the back focal plane is changed, which changes the incident angle onto 
the PC. By measuring the maximum intensities at consecutive steps, which correspond to 
different angles, an angle spectrum as shown in Figure 17 is plotted to show the resonant 
angle(s). When the resonant angle is not 0, there is a resonant angle on each side of the 
normal incidence; so there are two peaks in Figure 17 indicating the two resonant angles.  
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Figure 17. Sample angle spectrum measured on the portable line-scanning detection 
instrument 
 5.3 Enhancement effect 
 With the angle spectrum and resonant angle identified, we are able to scan the sample 
on-resonance and off-resonance. The sample is different concentrations of Cy5-SA printed on a 
photonic crystal (PC) slide. And the same region is scanned back-to-back to compare the on-
resonance scan and the off-resonance scan. Figures 18 and 19 show the images on-resonance 
and off-resonance with the analysis shown in Tables 2 and 3. A duplicate sample is scanned on- 
and off-resonance using the bench-top PCEF line-scanning instrument, and similar results were 
produced, which verifies the enhancement performance of the portable system.  
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Figure 18. Sample on-resonance scan 
 
Figure 19. Sample off-resonance scan 
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Table 2. Signal intensity analysis (on-resonance) 
Concentration 
(g/mL) Signal Signal - background 
(Signal - background) 
/ SD of background 
10 1213 673 96 
1 995 455 65 
0.1 NA NA NA 
 
Table 3. Signal intensity analysis (off-resonance) 
Concentration 
(g/mL) Signal Signal - background 
(Signal - background) 
/ SD of background 
10 845 319 48 
1 689 154 23 
0.1 NA NA NA 
 
5.4 Detection limit 
 In order to quantify the detection limit of the portable PCEF line-scanning instrument 
and the bench-top instrument, fluorescent particles (Spherotech, Inc.) with different 
fluorescence intensity levels are used to make samples to scan on both systems. The detection 
limit is tested without PCEF effect and primarily examines the camera sensitivity and 
fluorescence collection efficiency. The serum containing the particles is diluted with water and 
pipetted onto a silicon slide. On both instruments, the fluorescence image is overlaid with the 
white light image to show what percentage of particles is detected using fluorescence.  
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Figure 20. Overlaid image of scan using the portable system 
 
Figure 21. Fluorescence image of scan using the portable system 
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Figure 22. Overlaid image of scan using the bench-top system 
 
Figure 23. Fluorescence image of scan using the bench-top system 
From Figures 20-23, we can conclude that the portable system is able to detect as many 
levels as can the bench-top system without the electron-multiplying. Then of the five available 
intensity levels, level 2 particles are selected to test the detection limit of the portable system 
and the bench-top system with EM on because it is the visible level with the lowest intensity, 
which has the intensity closest to the detection threshold of the portable system.  
Experiments using the level-2 particles show that the portable system is able to achieve 
the same signal-to-noise ratio as the bench-top system when EM = 0. When the EM is turned to 
~200 with its maximum being 255, the bench-top system is able to achieve a signal-to-noise 
ratio 7.6 times that of the portable system, as shown in the analysis for Figure 24 and Table 4.  
90m 
90m 
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Figure 24. Comparison of level-2 particles measured on portable and bench-top instruments 
with various EM gains 
Table 4. Data analysis of Figure 24 
Measurement Source S/N Ratio % of Saturation 
% of Portable S/N 
Ratio 
Portable N = 3 1.71 5.08% 99.02% 
Portable N = 5 1.73 5.15% 100.00% 
Bench-top EM = 0 1.82 5.23% 105.38% 
Bench-top EM = 63 3.28 8.45% 189.97% 
Bench-top EM = 127 7.33             18.21% 423.94% 
Bench-top EM = 219               13.16             33.09% 761.37% 
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6. Conclusion 
 Previous chapters have examined the motivation of this project as well as the 
background and previous work. The detailed process of component selection, modeling, and 
assembling is also described. Experimental results show that the portable PCEF line-scanning 
system is capable of achieving comparable detection limit and sensitivity as the bench-top line-
scanning instrument. This chapter concludes with a protein assay result and discussion 
regarding future work to further improve the line-scanning detection instrument and image 
post-processing. 
6.1 Protein assay result 
 To demonstrate the ability of the portable line-scanning detection instrument to 
perform assays, the protein A/G assay is run on the setup. The assay protocol including sample 
preparation process is:  
(1) Print protein A/G spots in 5% glycerol using NanoPlotter, and the concentrations 
printed are 12.5, 25, 50, 100 g/mL, respectively.  
(2) Leave to stand for one hour without shaking. 
(3) Soak in phosphate buffered saline (PBS) for 10 minutes. 
(4) Incubate 100 pg/mL anti-E7 antibody for three hours. 
(5) Wash with phosphate buffered saline tween (PBST). 
(6) Incubate 1 g/mL Cy-5-labeled second antibody for one hour. 
(7) Wash with PBST. 
(8) Use nitrogen gun to remove visible liquid droplets and vacuum-dry for ten minutes.  
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 After the steps described above are completed, the sample is scanned by the portable 
line-scanning detection instrument. The reconstructed image is shown in Figure 25. The image 
is divided into two segments for a clearer view of the spot details.  
 
 
Figure 25. Fluorescence image of the protein A/G scanned by the portable line-scanning 
detection instrument. The top segment contains blocks of the protein A/G spots with 
concentrations of 100 and 50 g/mL, and the bottom segment contains blocks of the protein 
A/G spots with concentrations of 25 and 12.5 g/mL 
 The assay result confirms that the portable setup is capable of scanning and 
reconstructing fluorescence images with a competitive sensitivity. Based on the current assay 
protocol, more experiments will be performed to characterize the detection limit of the 
portable line-scanning detection instrument using different protein concentrations.  
100 g/mL 50 g/mL 
25 g/mL 12.5 g/mL 
500m 
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6.2 Future work 
 Based on the prototype portable PCEF line-scanning detection instrument, future work 
includes further developing the image post-processing algorithm, which may include using the 
edge-detection algorithm to find the assay spots and integrating all the intensities within each 
spot. The current image post-analysis uses the median intensity value within each spot as the 
signal intensity. Integrating all the intensity within a spot based on the spot definition provided 
by edge detection can account for spot uniformity and can fully consider all the substances 
detected in the region of interest. Upon experiment, it may also help further improve the 
signal-to-noise ratio of the result image.  
Also, the instructions for the sample stage can be combined with the assay spots 
printing process using NanoPlotter so that the scanning range can be determined automatically. 
The NanoPlotter can output values indicating the start and end positions of the spot as well as 
their spacing. So the coordinates of each spot can be deduced from the above information. 
Then instead of the user manually inputting values to define the scanning region, the 
instrument would be able to find the region automatically. This would allow the scanning 
process to be more precise and increase the degree of automation of the system.  
6.3 Conclusion 
 The construction and analysis of the portable PCEF line-scanning detection instrument 
shows great potential for portable systems because they are capable of reducing size and cost 
while maintaining a laboratory-equivalent level of detection sensitivity. Meanwhile, there is 
room for improvement based on the current configuration that can push the limit further. As 
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this is the first modality enabling portability, more thought and experimentation can be applied 
to the system to make it fully automatic and more sensitive in detection, and to improve the 
ease of operation.  
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